NanoSPRAYTM-FTMS because the stable signal produced is ideal for SORI-CID analysis. From a concentration of 10pmoVp1 and a sample consumption of 750fmo1, one can obtain the charge states of the product ions and accurate mass assignments. Figure 2 shows an example of SORI-CID of the myoglobin tryptic digest at a concentration of 200 fmoVpl, with a total sample consumption of 25 fmol. T h e top spectrum shows the isolation of the ion at mlz 804 and the lower trace shows the SORI-CID mass spectrum obtained. With such small sample amounts, there is some sacrifice in signal-to-noise (S/N), but many fragment ions can be identified and the resolution is still sufficient to assign charge states and accurate masses to the fragments. T h e examples given here demonstrate how SORI and QEATM techniques can be used to enhance FTMS data. In conjunction with the high sensitivity, mass resolution and mass accuracy, these methods make the BioAPEXTM FTMS an important tool for mass analysis and structural characterization of biomolecules. 
Introduction
Inductively coupled plasma mass spectrometry (ICP-MS) can be used for simultaneous multielement and multi-isotope analysis in liquid sample matrices, and is therefore a powerful tool for trace element speciation studies when used on-line to monitor chromatographic protein separations. This paper describes briefly the principles of ICP-MS, its coupling to an HPLC system and the application of HPLC-ICP-MS to some zinc studies in biological samples.
Abbreviations used: IPC-MS, inductively coupled plasma MS; RPC, reverse-phase chromatography; FIA, flow injection; DNIR, direct nebulization isotope ratio; TIMS, thermal ionization MS; SEC, size-exclusion chromatography; AEX, anion-exchange chromatogr ap hy.
ICP-MS
ICP-MS combines a high-temperature ion source (7000-8000 K) at atmospheric pressure with sensitive detection under high vacuum by a mass spectrometer. T h e resolution of quadrupole mass analysers is approximately one mass unit so that, in addition to multi-element detection, ICP-MS can be used to measure individual isotopes and isotope ratios. The principles of ICP-MS have been described in detail elsewhere [l-61. Briefly, a liquid sample (normally dilute acid) is aspirated by pneumatic nebulization into an argon plasma at a flow rate of 0.5-2 mumin via a fixed crossflow, Meinhard or V-groove nebulizer. The nebulizer is attached to a water-cooled spray chamber which produces a uniform droplet distribution by particle size separation before introduction into the plasma. The low sampling efficiency of the spray chamber (approximately 2% of the sample flow reaches the plasma) is compensated for by the sensitivity of ICP-MS. The argon plasma is seeded by a spark from a Tesla coil and becomes self-sustaining by the application of radio-frequency from an induction coil. The high temperature of the plasma desolvates, atomizes and ionizes the sample, with ionization efficiency approaching 100% for most metals. The plasma is sampled through a 1 mm hole in a nickel or platinum sample cone behind which is a pumped region at approximately 2-3 mbar (1 bar = 1 x lo5 Pa). Gas entering this region forms a supersonic jet which is sampled by a sharply angled skimmer cone behind which is a region of further pressure reduction ( < 5 x lop4 mbar) containing electrostatic lenses.
These lenses focus the ions into the third section of the instrument which houses a quadrupole mass analyser (pressure < lo-' mbar).
Transmitted ions are detected by an off-axis channel electron multiplier.
Multi-element and isotope ratio data acquisition
In addition to its multi-element facility, a major strength of ICP-MS is the ability to measure isotope ratios, and measurement precisions of 0.04% relative standard deviation have been 
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obtained recently for major isotope ratios [7] . Data are normally acquired in scanning mode across the required mass range either by a small number of slow scans (for high sensitivity) or by a large number of rapid scans (to help minimize the effects of low frequency noise), depending on the type of application. In peak-jumping mode, the quadrupole voltages are stepped to allow collection of data around the peak maxima of specified isotopes, rather than continuous scanning across the spectral region. Acquisition of data in peak-jumping mode further increases sensitivity and is particularly useful if a large number of analyses is required or sample volumes are low, but it may be difficult to ensure that sampling occurs at the peak maxima. When used to monitor on-line chromatography separations, the ICP-MS is operated in time-resolved analysis mode. The software for this provides continuous multi-isotope, multielement monitoring of the HPLC eluent. For the work described here, data were acquired in peakjumping mode for a total acquisition time determined by user-defined parameters to suit the chromatographic run-time.
HPLC-ICP-MS system
The work was carried out on a commercial ICP-MS instrument (PlasmaQuad PQ 1 or PQ2 + ; VG Elemental, Winsford, U.K.) directly coupled to an FPLC system (Pharmacia, Milton Keynes, Beds., U.K.). The FPLC system was connected to the ICP-MS from the UV monitor via a manual injection valve (for post-column flow injection of samples and standards to quantify total metals and calculate column recovery) into the nebulizer. The time lag between the UV monitor and mass spectrometer was dependent on the length of tubing, which was kept as short as possible to minimize both band-broadening and lag time. The system has been described in detail elsewhere [8, 9] . It is vital to minimize metal contamination, so all columns, valves, tubing, syringes and fittings were plastic or glass. Contamination is a major problem in metal speciation studies, and therefore all plastic-and glass-ware was acidwashed, buffers were cleaned by cycling through a column packed with Chelex 100, and a similar 
Applications of HPLC-ICP-MS
HPLC-ICP-MS has been applied to several elements in a variety of biological matrices in our laboratory. This report outlines three examples of Zn speciation determined by this technique.
( I ) Zn speciation in an in vitro enzyme digest of chicken meat with intrinsic and extrinsic stable isotope labels An experiment was carried out to compare the behaviour of extrinsic and intrinsic stable isotope labels of Zn after an in vim enzyme digestion. A sample of cooked minced chicken meat intrinsically labelled with the enriched stable isotope 67Zn (91.9%) [lo] was divided into two 10 g subsamples, one of which was extrinsically labelled with 21.8,ug of enriched @Zn. Both subsamples and an enzyme blank were subjected to in vim gastrointestinal enzymolysis at pH 6.0 [8] . Separation of the soluble fraction was carried out by reverse-phase chromatography using PepRF'C c 1 8 HR 5/5 and ProRPC c 8 HR 5/10 columns (Pharmacia) connected in series. Isocratic elution was used (0.1 M ammonium acetate +0.1% trifluoroacetic acid at pH 6.0), which met the requirements of providing a stable Zn signal response with acceptable Zn recovery from the column, good Zn peak shape and effective protein separation. Table 1 compares isotope ratios obtained by reverse-phase chromatography (RPC-ICP-MS), post-column flow injection (FIA) into the column eluent, and by direct nebulization isotope ratio (DNIR) measurement where the sample is aspirated in an acid carrier. Zinc isotope ratios 64:67, 66:68 and 67:68 measured by RPC-ICP-MS were in good agreement with those determined by FIA and DNIR. The intrinsically labelled chicken meat was prepared by Fairweather-Tait et al. [12] for an experiment to monitor apparent 67Zn absorption in rats. They expressed the degree of 67Zn enrichment achieved by intrinsic labelling of the chicken meat using the 64:67 ratio measured as 3.05, and the naturally occurring 64:67 ratio as 11.85. Table 1 gives the 64:67 ratio (by DNIR and FIA) for the intrinsically and extrinsically labelled chicken meat minus the enzyme component, corrected to a natural ratio of 11.85. The measured ratio of 3.09 compares very favourably with the [ 121 using thermal ionization MS (TIMS).
(2) Speciation of Zn in human plasma studies using size-exclusion chromatography (SEC) coupled t o ICP-MS
A child exhibiting symptoms of severe Zn deficiency (skin and nail disorders, impaired growth arid mental development) was found to have plasma Zn levels more than 10 times higher than normal. T h e child's mother had a plasma Zn concentration within the normal range. Mother and child were given an oral dose of "'Zn followed by an intravenous dose of '"Zn. Plasma from both subjects was analysed by Dr. A. Rauscher (Institute of Food Research, Nonvich) [13] using the FPLX-ICP-MS facility in our laboratory. T h e work was carried out on a Superdcx 2001 IR size-exclusion column (Pharmacia).
It has been widely reported that plasma Zn is associated with a,-macroglobulin and albumin [ 141 in normal healthy subjects. However, the UV separation of the child's plasma showed a normal elution profile for albumin, but Zn was not associated with this fraction. Speciation by SEC-1CI'-MS showed that most of the child's endogcnous and orally/intravenously administered Zn was not associated with normal Zn-binding plasma proteins, but seemed to bind to a highmolecular-mass protein. This finding helped to explain how a child with abnormally high levels of plasma %n could exhibit symptoms of severe %n depletion. For example, Zn present in the plasma was predominantly associated with an unidentified high-molecular-mass protein and was therefore depleted at the normal site of action.
(3) Zn speciation in human serum using anionexchange chromatography (AEX) coupled to ICP-MS This work was carried out as part of a larger project to investigate aluminium characterization in human serum from volunteers fed an oral dosc of aluminium lactate + 7.19 g of citrate + 54 g of glucose. T h e chromatographic system was optimized to identify potential ligands for aluminium (transferrin and albumin) which have similar molecular masses and are therefore coeluted when analysed by SEC. The effect of adding citrate spiked with Zn to pure standards of transferrin and albumin was also studied.
T h e work was carried out on an HR 5/5 Mono-Q anion-exchange column (Pharmacia-LKB, Milton Keynes, Beds., U.K.) using 0.025 M Tris/HCl (buffer A) +0.25 M NaCl (buffer B) (0-100%, 13 min gradient, flow rate 1.00 ml/min) at pH 7.4. Serum samples, human albumin and transferrin standards (Sigma), and aqueous Zn standards (100 ng of Zn/ml, with and without citrate) were monitored for UV response at iL = 280 nm and for Zn of mass 66. Samples and standards were diluted in buffer A, adjusted to pH 7.4. Table 2 give retention volumes for proteins and associated Zn (corrected for lag time) in serum and standards. Figure 1 shows Zn profiles for serum, transferrin and albumin, and citrate. Protein standard Zn partitioned between transferrin and albumin in the ratio 9:l. When citrate was added, Zn partitioned between transferrin, citrate and albumin in the ratio 6:2:2, and Zn recovery from the column decreased. It was also noted that the presence of Zn reduced the area of the albumin LJV peak by a factor of 8, possibly indicating that citrate-albumin, and hence citrate-albumin-Zn, complexes might be retained on the column. Labile (aqueous) Zn (not ligand-bound) was totally retained on the column, and the recoveries of Zn from the column shown in Table 2 may indicate its lability in the presence of certain serum proteins. Seruni Zn was co-eluted with transferrin and an unidentified ligand (retention 15.1 ml), possibly citrate or a,-macroglobulin, which might be expected, from its isoelectric point, to be eluted between transferrin and albumin. It is unclear why Zn was not co-eluted with albumin as predicted by other workers [13, 14] and demonstrated for the Zn-spiked protein standards.
Conclusion
ICP-MS is a sensitive technique for measuring trace element levels in a wide range of sample matrices, and has proved to be a powerful tool for speciation studies when coupled with chromatography. HPLC-ICP-MS has been successfully used for multi-element speciation in biological applications, and is particularly useful for carrying out both in vivo and in v i m stableisotope-labelling experiments. However, it is important to ensure that the chromatographic method is compatible with the requirements of the plasma. Interpretation of the data can be difficult if suitable standards are not available. Organic eluents such as acetonitrile require the introduction of oxygen into the argon plasma to stabilize the ion source. Strong organic gradients
